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Abstract. Soil-atmosphere exchange leads to a moisture
change in the soil. This can cause major damage to engineer-
ing structures due to the soil expansion and shrinkage. The
soil-atmosphere exchange is related to several parameters, in
particular the soil characteristics and climate conditions. The
presence of an engineering structure causes a variation of the
hydraulic profile in the soil, which can lead to heterogeneous
soil movement and consequently to structural damage. This
paper presents a coupled numerical model based on the con-
sideration of both water flow in unsaturated soils and soil-
atmosphere exchange. After the validation of the model, the
paper presents its use for the analysis of the influence of the
presence of structures on moisture change induced under cli-
matic conditions recorded in a semi-arid region. Analysis
shows that the presence of the structure leads to important
change in the moisture distribution, in particular in the vicin-
ity of the structure.
1 Introduction
The interaction between the atmosphere and soil could in-
duce a significant change in water saturation in soils with
a risk of damage to engineering structures. This damage,
especially for lightweight structures, is often observed af-
ter cycles of swelling and drying (Blight, 1997). During a
drought period, the soil water content in the vadose zone is
reduced because of evaporation. Settlement can occur as a re-
sult of suction increase and soil shrinkage. It should be noted
that two principal processes govern the exchange of water
between the soil surface and the atmosphere. Water enters
the soil surface as liquid through the process of infiltration.
Alternately, water exfiltrates from the soil surface as vapor
through the process of evaporation. The process of infiltra-
tion depends primarily on soil properties such as hydraulic
conductivity and is reasonably well understood. The evalua-
tion of the evaporative fluxes from a soil surface is more diffi-
cult, since the rate of evaporation depends on both soil prop-
erties and climatic conditions (Wilson et al., 1994). The cou-
pled numerical models of the soil moisture and heat balance
in porous media may be used to describe the soil-atmosphere
exchange. Combination of these models with the equation of
the lower atmosphere boundary layer enables the estimation
of evaporation and energy balance at the soil surface. At-
tempts have been made in recent years to solve the coupled
equation of heat and moisture transfer using the FEM tech-
nique. Wilson and Frdlund (2000) provided the results of
SoilCover program, which takes into account changes in cli-
mate conditions. Yakirevich (1997) presented a mathematical
model using a finite element code with an implicit scheme
for calculating the evaporation of saline soils considering the
migration of salt. Mangeney et al. (2003) developed a code
SiSPAT, which takes into account several soil layers. This
code has been used mainly in agricultural applications. Yan-
ful and Mousavi (2003) used the SoilCover code to study the
influence of the presence of several soil layers in conserving
the moisture in the soil. Yanful et al. (2003) estimated the
evaporation on the soil surface and compared the results with
those of Wilson (1990). Gitirana et al. (2005, 2006) em-
ployed a two-dimensional model to study the influence of
soil-atmosphere exchange on slope stability. Vu et al. (2007)
developed a 2-Dmodel to study the influence of climatic con-
dition and soil properties on evaporation.
This paper presents a numerical analysis of the influence
of the presence of a light structure such as a house build-
ing on the hydric profile induced by the soil-atmosphere
exchange. This analysis allows the determination of the
suction induced by drought around the structure, and then
the evaluation the drought-induced soil movement which
could cause structure damage. Analysis is carried out us-
ing a coupled numerical model based on the considera-
tion of both water and heat flow in unsaturated soils and
the soil-atmosphere exchange. Since this analysis concerns
light structure, the variation in the soil properties due to
Published by Copernicus Publications on behalf of the European Geosciences Union.
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the structure construction is not considered in the numerical
model. Analysis shows that the soil-atmosphere exchange in-
duces a significant variation in the suction around the struc-
ture lateral boundaries, in particular for clayey soils. This
variation could lead to heterogeneous soil movement, and
consequently to structural damage.
2 Numerical model
2.1 Mathematical formulation
The governing partial differential equations for coupled
moisture and heat flow in soils are derived using the prin-
ciple of conservation of mass and energy. In general, the
principle of conservation may be stated as ∂u
∂t
=−∇q where
u is the amount of mass or heat per unit volume, q is the
local average flux and t is the time. The symbol ∇ denotes
the Laplace operator. As a consequence of evapotranspira-
tion, a transient water flow takes place through the soil from
the water table to the soil surface. Heat flow simultaneously
occurs because of the temperature gradient. Water flow, heat
flow and volume change are fully coupled. For simplicity
in multiphase modeling, Wilson et al. (1994) considered the
soil to be rigid. Under constant net stress conditions, Wilson
et al. (1994) considered the following expression relating the
change in water content to the suction change;
1Vw
V
=mwd(ua−uw) (1)
The mass transfer equation can be derived directly from the
Richards equation for transient flow in unsaturated soils with
adaptation for vapor flow added by Wilson (1990). The driv-
ing force for Darcian liquid flow is the total head but the
equations have been re-written as functions of pressure so
that the hydraulic heat and mass equations can be fully inte-
grated.
The generalization of the 1-DWilson’s equation (1990) for
the transfer of liquid water and water vapor in an unsaturated
2-D soil can be written as follows:
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where ρ is the density of water, Pv is the vapor pressure
of the soil moisture, H is the hydraulic head in the water
phase (m)
(
i.e.,uw
/
ρg+y
)
, uw is the pore-water pressure,
y is the spatial position, g is the acceleration due to grav-
ity, Kx and Ky are the hydraulic conductivity of soil in the
x and y directions, respectively. It should be noted that Dv
is the vapor diffusion coefficient described by Wilson (1990)
[Dv = αβDvap(
ma
R.T
)], where Dvap is the coefficient of wa-
ter vapor diffusion in free air. According to Kimball et al.
(1976), it is equal to Dvap = 0.209.10
−4*(1+T/273)1.75. T
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Fig. 1. Scheamtic view of Wilsons colomn (Wilson, 1990).
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Fig. 2a. Hydaulic properties of Beaver Creek sand (Gitirana et al.,
2005).
stands for the temperature; ma is the molecular mass of wa-
ter vapor (ma = 18.016 kg/kmol), R is the universal gas con-
stant (R=8.314 j/mol.K), β=(1−Sr)n is the cross sectional
area of the soil available for the vapor flow; Sr is the degree
of saturation and n is the porosity. α=β2/3 is the tortuosity
factor and mw is the slope of the volumetric water content
function.
By coupling the equation of the flow of steam given by
Fick’s equation and the heat transfer given by Philip and de
Vries (1957), we obtain the following equation for the heat
transfer in the soil:
Lv
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+Lv
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∂
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∂
∂y
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∂T
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)
= λt
∂T
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(3)
Where Ktx and Kty are the thermal conductivity of the soil
in the x and y directions, respectively; Lv is the latent heat
of vaporization of water, which is a function of temperature
as proposed by Bertin et al. (1981) (Lv = 4186×(607- 0.7×
T )); λt is the volumetric specific heat.
Equations (2) and (3) involve both the hydraulic and the
vapor pressure components. The existence of these two com-
ponents concurrently causes difficulty in developing efficient
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Figure 2b. Thermal properties of the Beaver Creek Sand (Gitirana et al. 2005)
Fig. 2b. Thermal properties of Beaver Creek Sand (Gitirana et al.,
2005)
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Figure 3a. Verfication of the numerical model on the test of Wilson (1990) : Evaporation 
Fig. 3a. Verfication of the numerical model on the test of Wil-
son (1990): Evaporation variation.
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Figure 3b. Verfication of the numerical model on the test of Wilson (1990) - Suction variton 
Fig. 3b. Verfication of the numerical model on the test of Wil-
son (1990) – Suction variton.
numerical procedures. This drawback can be overcome using
the equation (Edlefsen and Anderson, 1943) :
Pv =Pvs •hr =P vs •e
−S.ma
ρ•R•T (4)
where Pvs is the saturated vapor pressure of pure free water,
S is the suction and hr is the relative humidity. Joshi (1993)
reformulated the above equation as follows:
∇Pv = d1∇ (S)+d2∇T (5)
d1 and d2 are given by the following expressions:
d1=−
ma
ρ •R •T
P
v
(6)
d2=hr
∂Pvs
∂T
−Pv
(
S.ma
ρ •R•T 2
)
(7)
In order to simulate natural systems, the moisture and heat
flow equations have to be coupled to the atmosphere through
evaporation, precipitation, and heat flux terms. This requires
evaluating the boundary conditions at the soil-atmosphere
interface. Wilson (1990) modified the equation of Pen-
man (1948) for the determination of the evaporation (Evap)
at the surface of unsaturated soils as follows:
Evap=
1Rn/LV+ηEa
1+ 1
ϕs
Ea = 0.35(1+0.15Ua)(
1
ϕa
− 1
ϕs
)Pa
(8)
1 is the slope of the saturation vapor pressure versus tem-
perature curve at the mean temperature of the air, Rn is the
net radiation at the soil surface, Lv is the latent heat to vapor,
η is the psychrometric constant, Ua is the wind speed, Pa is
the vapor pressure in the air above the evaporation surface;
φa and φs designate the relative humidity in the air and at the
soil surface, respectively.
The surface temperature may be estimated using the Wil-
son’s equation (1990):
Ts = Ta+
1
ηf (u)
(Rn/LV −E) (9)
Ts is the temperature at the soil surface and Ta is the temper-
ature of the air above the soil surface.
The following equation is used for permeability (Fredlund
et al., 1994; Leong and Rahardjo, 1997):
K =
Ks{
ln
(
e+
(
S
a
)n)}mp (10)
Ks is the saturated permeability, a is the air-entry value of
the soil and n,m and p are materials constants, e is equal to
2.718.
For the water retention curve, the Van Genuchten equa-
tion (1980) is used:
θ = θr+(θs−θr)
[
1[
1+(asS)
n
s
]m
s
]
(11)
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Fig. 4. Configuration used to analyse the influence of the presence
of the structure on the soil-atmposphere exchange.
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Fig. 5a. Water retention curve (Case Study).
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Figure 5b. Hydraulic conductivity (Case Study) 
Fig. 5b. Hydraulic conductivity (Case Study).
where θ is the volumetric water content, θ r is the resid-
ual volumetric water contents, θ s is the saturated volumetric
water contents, and as,ns and ms are material constants.
For the thermal conductivity, Kt, the equation given by
Van de Griend and O’Neill (1986) is used:
Kt =
1
Csec+4.18×10
6θ
[
1
0.654
(3S+2300θ−1890)
]2
(12)
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Figure 5c. Specific heat (Case Study) 
Fig. 5c. Specific heat (Case Study).
 
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8
2,0
2,2
20 40 60 80
j.m-2.k-1Λ=2440 
Voulme water content (%)
T
h
e
rm
a
l C
o
n
d
u
c
tiv
ity
 (
J/
m
.s
.°
C
)
 
Figure 5d. Thermal Conductivity (Case Study) 
Fig. 5d. Thermal Conductivity (Case Study).
3s is a texture-dependent coefficient; Csec stands for
the volumetric specific heat capacity of the soil solids
(4.18×106j/m3K);
The coefficient of the specific heat is provided by de
Vries (1963):
λt=Csecθs+Cwθw+Caθa (13)
Where λh is the volumetric specific heat, Csec is the vol-
umetric specific heat capacity of the soil solids (2.24×106
j/m3◦C), Cw is the volumetric specific heat capacity of the
liquid water phase (4.15×106 j/m3◦C), Ca is the volumetric
specific heat capacity of the air phase, which can be assumed
to be negligible. θ s , θw, θa volumetric contents of solid,
water and air, respectively.
2.2 Numerical implementation
The soil atmosphere-exchange model presented in the pre-
vious sections has been implemented in the finite element
code ESNA, which has been developed at the Laboratoire de
Me´canique de Lille. After substituting Eq. (4) into Eqs. (2)
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Figure 6. Atmospheric condition used in the case study  
Fig. 6. Atmospheric condition used in the case study (Recorded in June 2005 in the South of Syria).
and (3), the system of the ordinary equations can be obtained
on the current configuration  as follows:∫

BT
(
Dvd1+K
/
ρg
)
BdA{S}+
∫

BT(Dvd2)BdA{T}
+
∫

BTKBdA{y}=−
∫

ρgmwM{S} (14)
∫

BT(LvDvd2+Kt )BdA{T}+
∫

BT(LvDvd1)BdA{S}
=−
∫

λhMtdA ˙{T} (15)
B is the gradient of the interpolation matrix, M is the
mass matrix and S and T are the nodal values of suc-
tion and temperature, respectively. By applying a time
integration scheme, one can obtain the algebraic counter-
parts of Eqs. (14) and (15). Assuming that the values of
suction, temperature and their derivatives {St, S˙t,T t,T˙ t}
are known at time t , the integration consists of updating
{St+1t, S˙t+1t,Tt+1t,T˙t+1t} at the next step t+1t, using to
the Crank-Nicholson implicit scheme as follows:
(α1tKw+M){St+1t }+1tKwt {Tt+1t }
=1t
[
(1−α)Fwt +αFwt+1t
]
+[(1−α)1tKw+M]{St }−1tK{Y } (16)
(α1tKt+Mt ){Tt+1t }+1Ktwt {St+1t }
=1t
[
(1−α)Fht+αFht+1t
]
+[(1−α)1tKt+Mt ]{Tt } (17)
Kw, Kwt , Ktw and Kt represent the global matrices contain-
ing the coefficients which appear in Eqs. (14) and (15). Fw
and Ft denote the heat and flux vectors, respectively.
It should be noted that for the developed soil atmosphere-
exchange model, two different methods are implemented to
determine the soil parameters. In the first method, the ma-
terial parameters K,Kt , λt and m
w are interpolated for each
time step using available experimental data. In the second
method, the material parameters are calculated from Eq. (10),
(11), (12) and (13). In summary, for each time step, the pro-
gram uses the climatic data in combination with the previous
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Figure 7a. Variation of the evaporation at the soil surface  
Fig. 7a. Variation of the evaporation at the soil surface (Case study).
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Figure 7b. Variation of the suction at the soil surface (Case study) 
Fig. 7b. Variation of the suction at the soil surface (Case study).
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Figure 7c. Variation of the soil permeability   
Fig. 7c. Variation of the soil permeability.
values of temperature and suction in order to evaluate the
evaporation and heat flux at the ground surface as well as the
soil parameters required for the determination of the current
temperature and suction values.
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Figure 7d. Varition of the suction in the soil (case study) 
Fig. 7d. Varition of the suction in the soil (case study).
 
 
Fig. 8. Numerical model & boundary conditions.
3 Verification of the numerical model
The FEM code was validated using the laboratory test of
Wilson (1990) and the numerical simulation of this test
conducted by Gitirana (2005). Wilson (1990) performed a
column-drying test in which the change in temperature and
volumetric water content were monitored. The column was
filled with saturated Beaver Creek sand, and was allowed to
drain at the bottom so as to reach a hydrostatic condition. The
column was then sealed at the base and at the circumference.
The exposed surface of the sand was allowed to evaporate
under controlled laboratory conditions with a constant tem-
perature of 38 ◦C and a relative humidity of approximately
10% for a period of 35 days. The temperature profile was
monitored using 12 thermocouples installed in the sand at
different depths. The water content profile was measured on
soil samples extracted from 12 ports at different levels. The
drying column experiment and its initial and boundary con-
ditions are shown in Fig. 1.
In this test, water and heat flow at the bottom and lat-
eral boundaries are zero. The upper boundary is in con-
tact with the atmosphere. Figure 2a presents the hy-
draulic soil properties of the soil. Figure 2b presents
the thermal property function of the Beaver Creek sand.
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Fig. 9a. Influence of the presence of the structure on the variation
of soil suction.
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Fig. 9b. Influence of the presence of the structure on the variation
of the soil suction.
These functions were obtained using the formulations pre-
sented by de Vries (1963). According to Eq. (13), the thermal
conductivity and the volumetric specific heat are functions of
the characteristics of the individual phases and functions of
the amount of water stored in the soil as well. The effect of
the amount of water stored in the soil pores is shown by the
decrease in both thermal conductivity and volumetric spe-
cific heat, as soil suction increases. Figure 3a and b shows
a comparison of the numerical results with both the experi-
mental results of Wilson (1990) and the numerical simulation
of Gitirana (2005). As it can be seen, the numerical results
are in good agreement with those of Wilson (1990) and Giti-
rana (2005). It can be concluded that the proposed numerical
model is capable of reasonably predicting both water con-
tent and temperature profiles on the basis of measured atmo-
spheric boundary conditions and soil properties.
 
 
 
Fig. 10. Numerical modelling of the protection area around the
structure.
Table 1. Case study, retention curve parameters.
θ s θ r a n m
45 2 0.000001 0.55 1.2
4 Case study
The numerical model is used to study the influence of the
presence of an engineering structure on the soil hydraulic
profile, which is induced by the soil-atmosphere exchange.
Figure 4 illustrates a general view and dimensions of the case
study. The study concerns a light structure supported by a raft
foundation. In the numerical model, only the raft foundation
is considered, because the substructure does not affect the
soil-atmosphere exchange. In addition, since the construc-
tion of light structures does not significantly disturb the soil
material, the change in the soil properties due to the structure
construction is not considered in the numerical model.
The depth of the soil layer is considered as 3m, while the
width of the model is found from a sensibility analysis to
be 30m after which the structure has a negligible effect on
the suction profile. The base and sides of the soil are con-
sidered to be impermeable. Exchange conditions are applied
on the upper surface. Figure 5a shows the water retention
curve that is given by Eq. (11) whose parameters are given in
Table 1. The permeability, according to Eq. (10) is shown in
Fig. 5b, whose parameters are given in Table 2. Figure 5c and
d shows the variation of the thermal conductivity and specific
heat with water content, respectively. The thermal conduc-
tivity Kt is given by the formula of Van de Griend (1986)
which is described in Eq. (12) whereas the specific heat, λt ,
is obtained from Eq. (13) (de Vries, 1963). The climatic con-
ditions used in the analysis were recorded in June 2005 in a
semi-arid area in the South of Syria (Fig. 6).
4.1 Analysis in the absence of the engineering structure
The case study is first analyzed in the absence of any en-
gineering structure. Figure 7a shows the variation of the
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Fig. 11a. Influence of the protection area on the varition of the soil
suction.
Figure 11a. Influence of the protection area on the varition of the soil suction 
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Figure 11b. Influence of the protection area on the varition of the suction at 
Fig. 11b. Influence of the protection area on the varition of the
suction at the ground surface.
evaporation rate. It can be seen that the general trend of evap-
oration rate decreases with time. The low value of evapora-
tion at t = 15 days is due to the relatively high precipitation
(Fig. 7a). The suction variation at the top of the soil layer is
shown in Fig. 7b. It can be seen that after five days the suction
slightly increases to 10 kPa. Then a sharp increase in suction
is observed. After 10 days, it attains 3MPa. The sharp in-
crease in suction results from the decrease in the permeabil-
ity over the same period. After the sharp increase, the suction
augments steadily except during precipitations, which cause
a suction decrease. Figure 7c shows the computed perme-
ability at three different locations. It can be seen that after
a slight decrease over six days, there is a large decrease in
the permeability over the following four days. This decrease
leads to a reduced water flow towards the soil surface, which
explains the large increase in the suction at the soil surface
over the same period. Figure 7d shows the suction profile in
the soil. It can be observed that the suction increases, in par-
ticular in the vicinity of the soil surface. After 30 days, the
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Fig. 12a. Hydraulic conductivity of the clay and silt considred in
the parametric study.
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Figure 12b. Water retention curves considred in the parametric study
Fig. 12b. Water retention curves considred in the parametric study.
suction augments up to 1MPa at depth z= 1.1m and only to
100 kPa at z= 1.75m; thereafter the suction remains approx-
imately constant in the range 40–70 kPa.
4.2 Influence of the presence of an
engineering structure
The engineering structure is considered as an impermeable
border (i.e., soil-atmosphere exchange is not permitted). The
width of the structure is assumed to be 5m (Fig. 8). Fig-
ure 9a shows the computed suction profiles at different points
in the soil mass. It can be seen that the variation of suction
in point A, which is situated about 25m from the structure,
is quite similar to that calculated in the previous case without
the structure. This shows that the model boundary is located
sufficiently far from the foundation. At point B, which is sit-
uated in the vicinity of the structure, a significant increase in
suction occurs after 8 days. At point C, which is situated un-
derneath the centre of the structure, a very small increase in
the suction is observed. Figure 9b shows the distribution the
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Table 2. Case study, permeability parameters.
Ks a n m p
0.0003 9.5 25 2.75 1.5
Table 3. Influence of the soil type; retention curve parameters for
clay and silt.
θ s θ r a n m
Clay 45 2 0.000001 0.55 1.2
Silt 45 2 0.00005 1 0.5
suction at the soil surface at t = 5, 15 and 30 days. It can be
noted that suction distribution undergoes a sharp variation at
the junction between the soil and the structure. After 30 days,
the suction changes from approximately 100 kPa underneath
the structure to about 100MPa along the free surface.
4.3 Protection of engineering structures against soil-
atmosphere exchange
Protection of the structure against the drought can be ensured
by the construction of an impervious area in the vicinity of
the structure (Fig. 10). To study the effectiveness of this
technique, simulations were performed with three values of
the length of the protection area (LC= 1, 1.5 and 2m). Fig-
ure 11a shows the influence of the protection area on the suc-
tion variation under the foundation (point C) and at board
(point B). It can be noted that the presence of the protec-
tion area reduces the development of the suction in the vicin-
ity of the foundation significantly. Figure 11b shows the vari-
ation of suction at the soil surface. This confirms the obser-
vation in Fig. 11a: The construction of a protection reduces
the gradient of suction under the foundation and therefore the
differential settlement induced by the drought. The width of
the protection area affects the extent of the zone of quasi-
uniform distribution of the suction under the foundation.
4.4 Influence of the type of soil (parametric analysis)
The type of soil plays an important role in the phenomenon of
transfer. In this section, we analyze its influence on the suc-
tion induced by the soil-atmosphere exchange in the vicinity
of the structure. Calculations were performed with two soil
types (clay and silt) whose parameters are given in Tables 3
and 4. For the same level of suction, the permeability of silt
is higher than that of clay (Fig. 12a), while the water content
of clay is higher than that of silt (Fig. 12b).
Figure 13a and b shows the influence of the soil type on the
variation of the suction and permeability at point A. For the
Table 4. Influence of the soil type; permeability parameters for clay
and silt.
Ks a n m p
Clay 0.0003 9.5 25 2.75 1.5
Silt 0.0003 9 20 2 1.5
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Figure 13a. Influnce the soil type on the variation of the suction in point A 
Fig. 13a. Influnce of the soil type on the variation of the suction in
point A.
silty soil, the suction increases during the observation period
up to 100 kPa, whereas in the clayey soil, there is a sudden
increase in suction at the 6th day reaching about 100MPa.
Figure 13b shows that the permeability of the silt undergoes
a smaller variation than that of the clay.
Figure 13c shows the influence of the soil type on the vari-
ation of the suction in a vertical section of the soil mass. For
the silty soil, a uniform distribution of suction with depth is
observed. For the clayey soil, we observe a sharp variation
of the suction in the surface layer. This variation is due to
the drastic reduction of clay permeability, which leads to a
concentration of the mass transfer near the soil surface.
Figure 13d shows the influence of the soil type on the vari-
ation of suction at the soil surface. With the clayey soil, we
observe a significant difference between the values of suc-
tion under the foundation and the free surface. For the silty
soil, the suction under the foundation increases and remains
close to that at the free surface. This can be explained by the
presence of a lateral water transfer in the silt.
5 Conclusions
This paper presented an analysis of the influence of the
presence of a light structure on the soil hydraulic profile
induced by the soil-atmosphere exchange. The analysis
was conducted using a coupled finite element modeling
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Fig. 13c. Influnce of the soil type on the variation of soil suction.
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Fig. 13d. Influnce the soil type on the variation of the suction at the
soil surface.
that integrates both the flow in unsaturated soil and the
soil-atmosphere exchange. This model was used for
studying the influence of the soil-atmosphere exchange
in a semi-arid area on the soil hydric profile. Analyses
show that the soil-atmosphere exchange induces uniform
distribution of suction with depth in silty soils, but a high
concentration of suction in the surface layer in clayey soils.
This concentration is due to the drastic reduction of clay
permeability in the surface layer. Numerical results show
that the presence of a structure affects the distribution in the
vicinity of the structure of the suction induced by climatic
variation significantly. In clayey soils, the presence of the
structure induces a sharp variation of suction in an area
located around the lateral boundary of the structure. This
sharp variation is expected to induce a differential settlement
with eventual structure damage. The construction of an
impervious area around the structure reduces the lateral
variation of the moisture under the structure significantly.
It could effectively reduce the differential settlement and
consequently reduce the risk of structure damage due to the
soil-atmosphere exchange.
Edited by: F. Castelli
Reviewed by: two anonymous referees
References
Bertin, M., Faroux, J. P., and Renault, J.: Thermodynamique. Cours
de Physique, 3e`me e´dition, Dunod, 1981.
Blight, G. E.: Interactions between the atmosphere and the earth,
Geotechnique, 47, 715–767, 1997.
De Vries, D. A.: Thermal properties of soils. The Physics of Plant
Environment, edited by: Van Wijk, W. R., Amsterdam: North-
Holland, 210–235, 1963.
Edlefsen, N. E. and Anderson A. B. C.: Thermodynamics of soil
moisture, Hilgardia, 15, 31–298, 1943.
Fredlund, D. G., Xing, A., and Huang, S.: Predicting the Permeabil-
ity Function for Unsaturated Soils Using the Soil-Water Charac-
teristic Curve, Can. Geotech. J., 31, 521–532, 1994.
Gitirana, Jr. G. F. N.: Weather-Related Geo-Hazard Assessment
Model for Railway Embankment Stability. Ph.D. Thesis, Uni-
versity of Saskatchewan, Saskatoon, SK, 2005.
Gitirana, G. G., Fredlund, M. D., and Fredlund, D. G.: Infiltration-
runoff boundary conditions in seepage analysis. Canadian
Geotechnical Conference, 19–21 September, Saskatoon, Canada,
2005.
Gitirana, G., Fredlund, M. D., and Fredlund, D. G.: Numerical
modeling of soil atmosphere interaction for unsaturated surfaces,
Proceedings of the Fourth International Conference on Unsatu-
rated Soils, 2–6 April 2006, Carefree, Arizona, 658–669, 2006.
Kimball, B. A., Jackson, R. D., Reginato, R. J., Nakayama, F. S.,
Idso, S. B.: Comparison of field measured and calculated soil
heat fluxes, Soil Sci. Am. J., 40 pp., 18–25, 1976.
Leong, E. C. and Rahardjo, H.: Permeability function for unsatu-
rated soils, J. Geotech. Geoenviron., 123, 12, December 1997,
1118–1126, 1997.
Nat. Hazards Earth Syst. Sci., 12, 2039–2049, 2012 www.nat-hazards-earth-syst-sci.net/12/2039/2012/
A. Al Qadad et al.: Influence of the soil-atmosphere exchange on the hydric profile 2049
Mangeney, A., Aubert, D., Demarty, J., Ottl, C., and Braud,
I.: Mesh size selection in a soil-biosphere-atmosphere transfer
model, J. Environ. Eng. Sci., 2, 1–5, 2003.
Penman, H. L.: Natural evaporation from open water bare soil and
grass, Proc. R. Soc. London. Ser. A, 193, 120–146, 1948.
Philip, J. R. and de Vries, D. A.: Moisture movement in porous
materials under temperature gradients, EOS, Trans. AGU 38, 2,
222–232, 1957.
Van Genuchten, M. T.: A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am.
J., 44, 892–898, 1980.
Van de Griend, A. A. and O’Neill, P. E.: Discrimination of soil hy-
draulic properties by combined thermal infrared and microwave
remote sensing, Proceedings of IGARSS’86 Symposium, Zurich,
8–11 September 1986, ESA Publications Division, 1986.
Vu, H. Q., Hu Y., Fredlund, D. G.: Analysis of soil suction changes
in expansive Regina clay, 60th Canadian Geotechnical Confer-
ence, OttawaGeo 2007, Ottawa, ON, 21–24 October 2007, 1–8,
2007.
Wilson, G. W.: Soil evaporative fluxes for geotechnical engineering
problems, Ph.D Thesis, University of Saskatchewan, Saskatoon,
Canada, 1990.
Wilson, G. W., Fredlund D. G., and Barbour, S. L.: Coupled soil-
atmosphere modeling for soil evaporation, Can. Geotech. J., 31,
151–161, 1994.
Wilson G. W., Fredlund D. G., and Barbour, S. L.: The effect soil
suction on evaporative fluxes from soil surface, Can Geotech. J.,
34, 145–155, 1997.
Wilson, G. W. and Fredlund, M. D.: The application of knowledge-
based surface flux boundary modeling. Conf on Unsaturated
Soils For Asia, Rahardjo, Toll&Leong(Eds) 2000 Balkema Rot-
terdam., 2000.
Yakirevich, A.: A model for numerical simulating of evaporation
from bar saline soil, Water Resour. Res., 33, 1021–1033, 1997.
Yanful, E. K. and Mousavi, S. M.: Estimating falling rate evapora-
tion from finite soil columns, The Science of The Total Environ-
ment, 313, 141–152, 2003.
Yanful, E. K., Mousavi, S. M., and Yang, M.: Modeling and mea-
surement of evaporation in moisture-retaining soil covers, Ad-
vanced Environmental Res., 7, 783–801, 2003.
www.nat-hazards-earth-syst-sci.net/12/2039/2012/ Nat. Hazards Earth Syst. Sci., 12, 2039–2049, 2012
